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============

Multiple theories of physics beyond the Standard Model (BSM) predict a high production rate of events containing a photon with a high transverse energy ($\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma +E_{\text {T}}^{\text {miss}}$$\end{document}$ events, whose rates have a low expected contribution from Standard Model (SM) processes, can thus provide sensitivity to new physics models \[[@CR1]--[@CR5]\], also related to dark matter (DM). Although the existence of DM is well established \[[@CR6]\], its nature is yet unknown. One candidate is a weakly interacting massive particle (WIMP, also denoted by $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi $$\end{document}$) that interacts with SM particles with a strength similar to the weak interaction. If WIMPs interact with quarks via a mediator particle, pairs of WIMPs are produced in *pp* collisions at sufficiently high energy. The $\documentclass[12pt]{minimal}
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Effective field theories (EFT) with various forms of interaction between the WIMPs and the SM particles are a powerful model-independent approach for the interpretation of DM production in *pp* collisions \[[@CR7]\]. However, the typical momentum transfer in *pp* collisions at the LHC can often exceed the cut-off scale below which the EFT approximation is valid. Simplified models that involve the explicit production of the intermediate state, as shown in Fig. [1](#Fig1){ref-type="fig"} (left), avoid this limitation. This paper focuses on simplified models assuming Dirac-fermion DM candidates produced via an *s*-channel mediator with vector or axial-vector interactions \[[@CR8]--[@CR10]\]. There are five free parameters in this model: the WIMP mass $\documentclass[12pt]{minimal}
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                \begin{document}$$g_{\chi }$$\end{document}$ of the mediator to the dark-matter particle. In the limit of a large mediator mass, these simplified models map onto the EFT operators, with the suppression scale[1](#Fn1){ref-type="fn"} $\documentclass[12pt]{minimal}
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The paper also considers a specific dimension-7 EFT operator with direct couplings between DM and electroweak (EW) bosons, for which there is neither a corresponding simplified model nor a simplified model yielding similar kinematic distributions implemented in an event generator \[[@CR10], [@CR12]\]. The process describing a contact interaction of type $\documentclass[12pt]{minimal}
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Many BSM models \[[@CR13], [@CR14]\] introduce new bosons through either an extension of the Higgs sector or additional gauge fields. In some of those, the bosons are predicted to decay into electroweak gauge bosons: the analysis presented here also searches for such a resonance decaying into $\documentclass[12pt]{minimal}
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The ATLAS and CMS collaborations have reported limits in various models based on searches for an excess of $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ signatures, where *X* can be a jet, a *W* boson, a *Z* boson or a Higgs boson. DM searches are hence performed in a variety of complementary final states \[[@CR20]--[@CR24]\]. The $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ processes. Moreover it also offers the unique possibility to probe for DM models in which the photon does not come from initial-state radiation. This paper reports the results of a search for dark matter and for a BSM $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$. As described in Sect. [5](#Sec5){ref-type="sec"}, this search follows a strategy similar to that implemented in Ref. \[[@CR17]\], but with multiple signal regions optimised to take advantage of the tenfold increase in integrated luminosity.

The paper is organised as follows. A brief description of the ATLAS detector is given in Sect. [2](#Sec2){ref-type="sec"}. The signal and background Monte Carlo (MC) simulation samples used are described in Sect. [3](#Sec3){ref-type="sec"}. The reconstruction of physics objects is explained in Sect. [4](#Sec4){ref-type="sec"}, and the event selection is described in Sect. [5](#Sec5){ref-type="sec"}. Estimation of the SM backgrounds is outlined in Sect. [6](#Sec6){ref-type="sec"}. The results are described in Sect. [7](#Sec14){ref-type="sec"} and the systematic uncertainties are given in Sect. [8](#Sec15){ref-type="sec"}. The interpretation of results in terms of models of pair production of dark-matter candidates and of BSM production of a high-mass $\documentclass[12pt]{minimal}
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                \begin{document}$$Z\gamma $$\end{document}$ resonance is described in Sect. [9](#Sec16){ref-type="sec"}. A summary is given in Sect. [10](#Sec17){ref-type="sec"}.

The ATLAS detector {#Sec2}
==================

The ATLAS detector \[[@CR25]\] is a multipurpose particle physics apparatus with a forward--backward symmetric cylindrical geometry and near 4$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pi $$\end{document}$ coverage in solid angle.[2](#Fn2){ref-type="fn"} The inner tracking detector (ID), covering the pseudorapidity range $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$|\eta |<$$\end{document}$ 2.0, a straw-tube transition radiation tracker (TRT). The ID is surrounded by a thin superconducting solenoid which provides a 2 T magnetic field. A high-granularity lead/liquid-argon sampling electromagnetic calorimeter (EM) covers the region $\documentclass[12pt]{minimal}
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Monte Carlo simulation samples {#Sec3}
==============================

Several simulated MC samples are used to estimate the signal acceptance, the detector efficiency and various SM background contributions. For all the DM samples considered here, the values of the free parameters were chosen following the recommendations given in Ref. \[[@CR10]\].

Samples of DM production in simplified models are generated via an *s*-channel mediator with axial-vector interactions. The program [MG5]{.smallcaps}\_a[MC\@NLO]{.smallcaps} v2.4.3 \[[@CR29]\] is used in conjunction with $\documentclass[12pt]{minimal}
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For DM samples corresponding to an EFT model involving dimension-7 operators with a contact interaction of type $\documentclass[12pt]{minimal}
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For DM signal generation in both the simplified and EFT models, a photon with at least $\documentclass[12pt]{minimal}
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The samples used in the search for a BSM high-mass scalar resonance decaying to $\documentclass[12pt]{minimal}
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For all the signal samples described above, the EvtGen v1.2.0 program \[[@CR38]\] is used for properties of the bottom and charm hadron decays.
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For *W* / *Z*+jets backgrounds, events containing *W* or *Z* bosons with associated jets are simulated using $\documentclass[12pt]{minimal}
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All generated event samples are processed with a full ATLAS detector simulation \[[@CR48]\] based on [Geant4]{.smallcaps} \[[@CR49]\]. The simulated events are reconstructed and analysed with the same analysis chain as used for the data, utilising the same trigger and event selection criteria discussed in Sect. [5](#Sec5){ref-type="sec"}.

Event reconstruction {#Sec4}
====================

Photons are reconstructed from clusters of energy deposits in the electromagnetic calorimeter measured in projective towers. Clusters without matching tracks are classified as unconverted photon candidates. A photon candidate containing clusters that can be matched to tracks is considered as a converted photon candidate \[[@CR50]\]. The photon energy is corrected by applying the energy scales measured with $\documentclass[12pt]{minimal}
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Electrons are reconstructed from clusters in the electromagnetic calorimeter which are matched to a track in the ID. The criteria for their identification, and the calibration steps, are similar to those used for photons. Electron candidates must fulfil the "medium" identification requirement of Ref. \[[@CR51]\]. Muons are identified either as a combined track in the MS and ID systems, or as an ID track that, once extrapolated to the MS, is associated with at least one track segment in the MS. Extrapolated muons are also considered; they are reconstructed from an MS track which is required to be compatible with originating from the nominal interaction point. Muon candidates must pass the "medium" identification requirement \[[@CR53]\]. The significance of the transverse impact parameter, defined as the transverse impact parameter $\documentclass[12pt]{minimal}
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Jets are reconstructed with the anti-$\documentclass[12pt]{minimal}
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The removal of overlapping candidate objects is performed in the following order. If any selected electron shares its ID track with a selected muon, the electron is removed and the muon is kept, in order to remove electron candidates originating from muon bremsstrahlung followed by photon conversion. If an electron lies a distance $\documentclass[12pt]{minimal}
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Corrections are applied to the objects in the simulated samples to account for differences compared to data in object reconstruction, identification and isolation efficiencies for both the leptons and photons. For the photons, the efficiency corrections depend on whether or not they are converted, and on their $\documentclass[12pt]{minimal}
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Event selection {#Sec5}
===============

The data were collected in *pp* collisions at $\documentclass[12pt]{minimal}
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For events in the signal regions defined below, the efficiency of the trigger is more than 98.5%. The 1% difference in the efficiency between data and MC simulation is treated as a systematic uncertainty. Only data satisfying beam, detector and data-quality criteria are considered. The data used for the analysis correspond to an integrated luminosity of 36.1 fb$\documentclass[12pt]{minimal}
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Events are removed if they contain a bad-quality photon or jet \[[@CR50], [@CR64]\], arising from instrumental problems or non-collision background. Events are required to have a reconstructed primary vertex, as defined in Sect. [4](#Sec4){ref-type="sec"}.
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Background estimation {#Sec6}
=====================
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All significant background estimates are extrapolated from non-overlapping data samples. A simultaneous fit in background-enriched control regions (CRs) is performed to obtain normalisation factors for the $\documentclass[12pt]{minimal}
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Fake photons from misidentified electrons {#Sec9}
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Contributions from processes in which an electron is misidentified as a photon in the SRs are estimated by scaling yields from a sample of $\documentclass[12pt]{minimal}
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Fake photons from misidentified jets {#Sec10}
------------------------------------

Background contributions from events in which a jet is misidentified as a photon are estimated using a sideband counting method \[[@CR62]\]. This method relies on counting photon candidates in four regions of a two-dimensional space, defined by the isolation transverse energy and by the quality of the identification criteria. A signal region (region A) is defined by photon candidates that are isolated with tight identification. Three background regions are defined, consisting of photon candidates which are tight and non-isolated (region B), non-tight and isolated (region C) or non-tight and non-isolated (region D). The method relies on the assumption that the isolation profile in the non-tight region is the same as that of the background in the tight region. This has been verified in MC samples by checking that the correlation factor, calculated as ($\documentclass[12pt]{minimal}
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Final background estimation {#Sec11}
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The normalisation factors for the $\documentclass[12pt]{minimal}
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Two different configurations are used for the fit: the background-only inclusive fit, which determines the normalisations for $\documentclass[12pt]{minimal}
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### Background-only inclusive-SR fit {#Sec12}

Background estimates in each inclusive SR are derived from a simultaneous fit to the respective four control regions (1muCR, 2muCR, 2eleCR and PhJetCR). The fitted values of the normalisation factors for $\documentclass[12pt]{minimal}
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### Background-only multiple-bin fit {#Sec13}

A background-only multiple-bin fit is performed using simultaneously the control regions corresponding to the three signal regions SRE1, SRE2 and SRI3, which are mutually exclusive. The $\documentclass[12pt]{minimal}
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The multiple-bin fit is used to set exclusion limits in the models studied, if no excess is found in the data, as discussed in Sect. [9](#Sec16){ref-type="sec"}.

Results {#Sec14}
=======

Table [4](#Tab4){ref-type="table"} presents the observed number of events and the SM background predictions in SRI1 that is the most inclusive signal region with the lowest $\documentclass[12pt]{minimal}
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Table [5](#Tab5){ref-type="table"} shows the observed number of events and the total SM background prediction after the fit in all signal regions. For SRI1, SRI2 and SRI3 regions the expected SM event yields are obtained from the inclusive-SR fit to each region; for SRE1 and SRE2 regions the expected SM event yields are obtained from the multiple-bin fit to the regions SRE1, SRE2 and SRI3. The expected SM event yields in SRI3 are the same when obtained from the multiple-bin fit. The numbers of observed events in the corresponding lepton CRs for each SR are also reported.
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Systematic uncertainties {#Sec15}
========================

The systematic uncertainties are treated as Gaussian-distributed nuisance parameters in the likelihood function fitted to obtain the final background predictions in the SRs, as described in Sect. [6](#Sec6){ref-type="sec"}. The fit provides constraints on many sources of systematic uncertainty, as the normalisations of the dominant background processes are fitted parameters; only the uncertainties affecting the extrapolation between CRs and SRs therefore remain important.

The fitted uncertainties are presented as percentages of the total background predictions in SRs. The total background prediction uncertainty, including systematic and statistical contributions, varies from 6.1 to $\documentclass[12pt]{minimal}
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The relevant uncertainties (giving a contribution of more than 0.1% in at least one SR) are summarised in Table [6](#Tab6){ref-type="table"} for all SRs.

Aside from the uncertainty due to the statistical precision from the CRs, the largest relative systematic uncertainties are due to the uncertainty in the rate of fake photons from jets, which contributes 1.3--$\documentclass[12pt]{minimal}
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For the signal-related systematic uncertainties, the uncertainties due to PDF are evaluated following the PDF4LHC recommendations \[[@CR67]\] and using a reweighting procedure implemented in the LHAPDF Tool \[[@CR68]\], while uncertainties due to the scales are evaluated by varying the renormalisation and factorisation scales by factors of 2.0 and 0.5 with respect to the nominal values used in the MC generation. The uncertainties in initial- and final-state radiation, due to the choice of parton shower and multiple-parton-interaction parameters used with $\documentclass[12pt]{minimal}
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Interpretation of results {#Sec16}
=========================

The event yields observed in data are consistent within uncertainties with the predicted SM background event yields in all inclusive SRs, as shown in Table [5](#Tab5){ref-type="table"}. The results from the SRs shown in Sect. [7](#Sec14){ref-type="sec"} are therefore interpreted in terms of exclusion limits in models that would produce an excess of $\documentclass[12pt]{minimal}
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The upper limits on the visible cross section, defined as the product of the cross section times the acceptance times the reconstruction efficiency defined in a fiducial region, $\documentclass[12pt]{minimal}
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The expected limit on the signal strength in the simplified DM model is computed with the inclusive-SR fit for the various inclusive regions and with the multiple-bin fit in order to determine which strategy to adopt for limit setting. While SRI1 is the inclusive SR that gives the most stringent expected limits at very low DM/mediator masses, SRI2 is the inclusive SR providing the most stringent limits in the rest of the parameter space; SRI3, which has larger uncertainties, is not able to set better expected constraints on high-mass models in spite of their harder $\documentclass[12pt]{minimal}
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The results are presented for both the axial-vector and vector mediators using different couplings to show the complementarity to the direct searches in $\documentclass[12pt]{minimal}
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                \begin{document}$$X+E_{\text {T}}^{\text {miss}}$$\end{document}$ events and the searches looking for the mediator, such as dijet or dilepton resonance searches, as recommended in Ref. \[[@CR74]\]. Four models are considered with different mediators and different couplings to quarks, to DM particles, and to leptons, and these models are summarised in Table [8](#Tab8){ref-type="table"}. As the choices of mediators and of couplings only affect the signal cross section and not the acceptance for signal events, the events generated for the axial-vector mediator with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g_q$$\end{document}$ = 0.25, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g_{\chi }$$\end{document}$ =1 and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g_{\ell } = 0$$\end{document}$ (model A1), described in Sect. [3](#Sec3){ref-type="sec"}, can be re-scaled in order to obtain results for the other three models.

When placing limits in specific models, the signal-related systematic uncertainties estimated as described in Sect. [8](#Sec15){ref-type="sec"} affecting $\documentclass[12pt]{minimal}
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Simplified models with explicit mediators are valid for all values of momentum transfer in *pp* collisions \[[@CR10]\]. Figure [4](#Fig4){ref-type="fig"} (top left) shows the observed and expected contours corresponding to a 95% CL exclusion as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\text {med}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Figure [5](#Fig5){ref-type="fig"} (left) shows the contours corresponding to a 90% CL exclusion translated into the plane of $\documentclass[12pt]{minimal}
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The results are also interpreted in terms of a limit on the cross section for the production of a narrow heavy scalar $\documentclass[12pt]{minimal}
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Conclusion {#Sec17}
==========

Results are reported from a search for dark matter in events with a high transverse energy photon and large missing transverse momentum in *pp* collisions at $\documentclass[12pt]{minimal}
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upward. Cylindrical coordinates ($\documentclass[12pt]{minimal}
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The primary vertex is defined as the vertex with the highest sum of the squared transverse momenta of its associated tracks. It is reconstructed from at least two associated good-quality tracks with $\documentclass[12pt]{minimal}
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